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ABSTRACT  
 
Advanced composite materials offer remarkable potential in the upgrade of civil 
engineering structures. The evolution of CFRP (carbon fibre reinforced polymer) 
technologies and their versatility for applications in civil constructions require 
comprehensive and reliable codes of practice. Guidelines are available on the 
rehabilitation and retrofit of concrete structures with advanced composite materials. 
However, there is a need to develop appropriate design guidelines for CFRP strengthened 
steel structures. It is important to understand the bond characteristics between CFRP and 
steel plates. This paper describes a series of double strap shear tests loaded in tension to 
investigate the bond between CFRP sheets and steel plates. Both normal modulus (240 
GPa) and high modulus (640 GPa) CFRPs were used in the test program. Strain gauges 
were mounted to capture the strain distribution along the CFRP length. Different failure 
modes were observed for joints with normal modulus CFRP and those with high modulus 
CFRP. The strain distribution along the CFRP length is similar for the two cases. A 
shorter effective bond length was obtained for joints with high modulus CFRP whereas 
larger ultimate load carrying capacity can be achieved for joints with normal modulus 
CFRP when the bond length is long enough. 
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INTRODUCTION 
 
Carbon fibre reinforced polymers (CFRP) are relatively new materials used in 
retrofitting, that is, to prolong the life of structural members and increase their load 
carrying capacity [American Concrete Institute (ACI) Committee 440 (2002), Teng et al 
(2002), Intelligent Sensing for Innovative Structures Canada (ISIS) (2001), Moy (2001)]. 
The evolution of CFRP (carbon fibre reinforced polymer) technologies and their 
versatility for applications in civil constructions require comprehensive and reliable codes 
of practice. Guidelines are available on the rehabilitation and retrofit of concrete 
structures with advanced composite materials. However, the practice for concrete can not 
be directly used for steel structures due to the fact that concrete and steel are very 
different materials (Fawzia et al 2004a). There is a need to develop appropriate design 
guidelines for CFRP strengthened steel structures. It is important to understand the bond 
characteristics between CFRP and steel plates. This paper describes a series of double 
strap shear tests loaded in tension to investigate the bond between CFRP sheets and steel 
plates. Both normal modulus (240 GPa) and high modulus (640 GPa) CFRPs were used 
in the test program. Strain gauges were mounted to capture the strain distribution along 
the CFRP length. Discussions are made on failure modes, strain distribution along the 
CFRP, ultimate load carrying capacity and effective bond length. 
 
 
MATERIALS  
 
In the present research, MBrace fibre CF530 and CF130 were chosen. MBrace CF530 is 
called high modulus CFRP in this paper and has a modulus of elasticity of 640 GPa. 
CF130 is called normal modulus CFRP in this paper and has a modulus of elasticity of 
240 GPa. The nominal ultimate tensile strength of CFRP is 2650 MPa for CF530 and 
3800 MPa for CF130. Araldite 420 adhesive was chosen. Mild steel plates with a 
thickness of 5 mm are used in the test program.  
 
 
SPECIMENS AND TEST SET UP 
 
A total of eight specimens were prepared. All steel plates have a dimension of 210 mm in 
length and 50 mm in width. The steel plates were ground with linisha in the area to be 
bonded to ensure a better mechanical interlocking. The surfaces were cleaned with 
acetone to remove grease, oil and rust. Two steel plates were alinged in position in a jig 
before applying adhesives and CFRP. Three layers of CFRP sheets were applied on both 
sides of the plate. The specimens were cured for 7 days and postcured for one day at 
70oC. A schematic view of a specimen is shown in Figure 1 where the length L1 is 
always less than L2 to ensure that the failure occurs on one end only. Several foil strain 
gauges were attached to the CFRP bonded length. One was located at the joint and others 
were located every 15 mm along the the bonded length. Each specimen was loaded in 
tension in a 500 kN capacity Baldwin universal testing machine with a loading rate of 2 
mm/min in a similar way as reported in Jiao and Zhao (2004), Fawzia et al (2004b). 
 
 
 
 
 
Figure 1: A schematic view of specimen (not to scale) 
 
 
FAILURE MODES 
 
The failure mode for joints with normal modulus CFRP was found to be bond failure 
whereas fibre break failure was observed for joints with high modulus CFRP. This is 
similar to those observed previously from similar tests on CFRP and steel tubes (Jiao and 
Zhao (2004), Fawzia et al (2004b)). Typical failure modes are presetned in Figure 2. 
 
 
(a) Steel plates with normal modulus CFRP (this paper) 
 
 
(b) Steel plates with high modulus CFRP (this paper) 
 
 
(c) Steel tubes with normal modulus CFRP (Jiao and Zhao (2004)) 
 
 
(d) Steel tubes with high modulus CFRP (Fawzia et al (2004b)) 
 
Figure 2: Typical failure modes 
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STRAIN DISTRIBUTION ALONG THE BONDED LENGTH 
 
The distribution of strain along the bonded length can be found from the gauge readings 
at the top layer. These readings are plotted in Figure 3 under different load level. The 
load level is defined as a ratio of applied load to the maximum load (Pult) achieved in the 
test. Only the average readings from all specimens are shown in Figure 3. It is clear from 
the figure that strain generally decreases with the distance away from the joint. The 
distribution for normal modulus CFRP joints seems to be nonlinear whereas that for high 
modulus CFRP joints seems to be linear. Smaller strain values were obtained for joints 
with high modulus CFRP, which is probably correspoding to a stiffer joint.  
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Figure 3: Distribution of strain along the bonded length 
 
ULTIMATE LOAD 
 
The ultimate load carrying capacity (Pult) obtained in the tests are summaried in Table 1. 
The first letter (S) in a specimen label means specimen. The second letter (N) means 
normal modulus CFRP or (H) means high modulus CFRP. The number (20, 40, 50, 60, 
70 or 80) means the bonding length (L1) defined in Figure 1. 
 
TABLE 1 
TEST RESULTS 
 
Specimen Label Bond Length L1 (mm) Ultimate Load Pult (kN) Failure Mode 
SN20 20 33.70 Bond Failure 
SN40 40 49.90 Bond Failure 
SN50 50 69.80 Bond Failure 
SN70 70 80.80 Bond Failure 
SN80 80 81.30 Bond Failure 
SH20 20 42.80 Fibre Break 
SH40 40 53.10 Fibre Break 
SH60 60 52.20 Fibre Break 
 
EFFECTIVE BOND LENGTH 
 
The ultimate load carrying capacity is plotted in Figure 4 against the bond length (L1).  It 
can be seen fron Figure 4 that the load carrying capacity reaches a plateau after the bond 
length exceeds a certain value. This length, beyond which no significant increase in load 
carrying capcaity will occur, is called the effective bond length. Similar concept was used 
by Teng et al (2002) and Jiao and Zhao (2004). It seems that the effective bond length for 
joints with high modulus CFRP (about 40 mm) is smaller than that for joints with normal 
modulus CFRP (about 75 mm). This matches the failure mode shown in Figure 2, i.e. a 
longer bond length is required for normal modulus to build up the full strength of the 
joint through bond failure. The effective bond length of 75 mm for joints with normal 
modulus CFRP is alomost the same as that reported in Jiao and Zhao (2004) for joints 
between steel tubes and normal modulus CFRP. It seems that the curved surface of steel 
tubes does not affect the effective bond length between steel and normal modulus CFRP. 
 
Another interesting phenomenon shown in Figure 4 is that the load carrying capacity of 
joints with normal modulus CFRP is lower than that of joints with high modulus CFRP 
when the bond length is short, around 40 mm in this case. This is most likely because the 
normal modulus CFRP has not become fully effective yet. When the bond length 
increases further the load carrying capacity of joints with normal modulus CFRP 
becomes larger. This is due to the fact that the normal modulus CFRP has a higher tensile 
strength than the high modulus CFRP. Designers may utilize this phenomenon to select 
different CFRP and bond length to acheive certain load carrying capacity. 
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Figure 4: Effective bond length for joints with normal and high modulus CFRP 
 
CONCLUSIONS 
 
A series of double strap shear tests loaded in tension were carried out to investigate the 
bond between CFRP sheets and steel plates. Both normal modulus (240 GPa) and high 
modulus (640 GPa) CFRPs were used in the test program. The following conclusions and 
observations are made based on the limited test results.  
1. Different failure modes were observed for joints with normal modulus CFRP 
(bond failure) and those with high modulus CFRP (fibre break).  
2. The strain distribution along the CFRP length was found to be similar irrespective 
of the CFRP modulus although smaller strains were generated in joints with high 
modulus CFRP.  
3. The load carrying capacity of joints with normal modulus CFRP is lower than that 
of joints with high modulus CFRP when the bond length is short. Larger ultimate 
load carrying capacity can be achieved for joints with normal modulus CFRP 
when the bond length is long enough.  
4. A shorter effective bond length was obtained for joints with high modulus CFRP. 
It seems that the curved surface of steel tubes does not affect the effective bond 
length between steel and normal modulus CFRP. 
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